Abstract. Lockin thermography is a reliable and fast NDT-technique that can be applied for a wide range of testing problems in aerospace applications. It is robust and sensitive enough to be used in industrial environments. Many different excitation methods based on specific physical mechanisms can distinguish between defective and intact material. Optically excited thermography, for instance, can detect boundaries, like delaminations, whereas ultrasound excited thermography is sensitive to inner friction and therefore defect-selective. The paper describes the principle of optically, ultrasound, and eddy-current excited thermography and presents several applications to typical aerospace structures.
Introduction
Aerospace structures are a compromise between low weight and high safety. Therefore new materials are attractive in terms of weight reduction and fuel economy. Maintenance of these light-weight structures is a challenge for non-destructive testing (NDT) which requires methods that respond with a high probability of detection (POD) to such highspecific-strength materials and their defects. Conventional NDT like x-ray inspection or ultrasound cannot always satisfy those needs. Some defects are caused by imperfect manufacturing processes, others are due to in-use damage. Therefore, fast and robust methods for industrial environments and in-field measurements are needed. Lockin-thermography with phase evaluation complies with those requirements.
Lockin Thermography Methods

Optically Activated Lockin-Thermography
Heat deposition can be done by a pulse (e.g. flash lamps) or by modulation (e.g. halogen lamps, laser). The simplest way of evaluation is to record a temperature image sequence after a pulse and to evaluate just the image of highest contrast. The disadvantage of this transient method is a poor signal-to-noise (S/N) ratio and the fact that images are highly affected by reflections and surface features. The lockin-technique solves these problems. Lockin-thermography with optical excitation is sensitive to thermal boundaries within the sample as the thermal wave propagates into the sample and is reflected back to the surface.
An infrared camera records an infrared image sequence of the surface over several excitation periods (Fig. 1) . A Fourier transformation at the frequency of amplitude modulation ("lockin frequency") analyses this thermography image sequence at each pixel and compresses the information into an amplitude and a phase image [1] [2] [3] . The Fourier transformation is equivalent to a narrow band filtering with a corresponding improvement in S/N ratio. Artifacts caused by inhomogeneities of infrared emission coefficient or of power deposition are reduced. Another advantage of Lockin-Thermography is the adjustable depth range given by the thermal diffusion length. The thermal diffusion length depends on material parameters like thermal conductivity or specific heat capacity but also on the lockin frequency. The depth range can therefore be increased by decreasing the lockin frequency. The disadvantage of optically activated thermography is that not only defects are visible in the results but also all other thermal properties within the thermal depth range. This reduces the probability of defect detection (POD) in samples with complicated thermal structures like CFRP stringer panels.
Ultrasound Activated Lockin-Thermography (ULT)
Heat can also be generated at damaged areas directly by ultrasound excitation. The elastic energy is converted into heat in areas of stress concentration and defects like cracks or delaminations. These heat sources can be detected by an infrared camera even in the presence of complicated intact features. Ultrasound activated thermography ("ultrasound attenuation mapping") is a defect selective "dark field" NDT-technique as only defects produce a signal. The operation principle of ultrasound activated lockin thermography (ULT) is shown in figure 2 . The elastic excitation waves are amplitude modulated at the lockin frequency which is typically in the range of 0.01 Hz to 1.0 Hz [6, 7] . This results in periodical heat generation so that the defects are pulsating at the modulation (lockin) frequency and thereby emitting thermal waves. Ultrasound activated thermography with a fixed carrier frequency close to a resonance frequency of the sample can lead to a strong standing wave pattern which might appear as a superposed temperature pattern hiding defects. Ultrasound frequency modulation in addition to the amplitude modulation can solve this problem [8] . The frequencies causing the standing wave pattern are reduced and a more homogeneous phase image with an improved signal-to-noise ratio is achieved. Another version is burst phase ultrasound thermography which is basically multi-frequency ULT [9] .
Eddy-Current Activated Lockin-Thermography
The main disadvantage of ultrasound activated thermography is the mechanical clamping of the ultrasound transducer to the sample surface. Eddy-current excited thermography is noncontact and defect-selective. This is achieved with sample heating due to electrical losses. An induction coil induces eddy currents in electrically conductive materials. The generated resistive heat is monitored by an infrared camera. Cracks in the sample within the eddy current penetration depth heat up more than homogeneous material due to locally enhanced eddy current density -this corresponds to the selective heating of ultrasound activated thermography but with a remote excitation. The major drawback of transient thermography with inductive heating [10, 11] is the inhomogeneous heat deposition of the induction coil. A solution for this problem is inductive heating in combination with the lockin-technique in order to generate robust phase images [12] . Non-destructive inspection with ILT is not limited to metals as the sample under inspection only needs to have at least a minimum of electrical conductivity. Therefore, ILT is also applicable to materials like CFRP [13] with its conductive carbon fibres.
Aerospace Applications
Testing of turbine blades
Modern turbine blades have complex-shaped cooling channels, which can be imaged nondestructively with optically excited lockin thermography. OLT is well-suited for this task because the method provides information about heat flow through the walls of the turbine blades which is exactly the property essential for the cooling process. Figure 4 shows different types of cooling channels within a turbine blade measured with OLT at a lockin frequency of 1 Hz. 
Detection of Stringer Delaminations with OLT
Stringers are used to improve the stiffness of large CFRP structures like fuselage panels of airplanes. This is why stringer disbonds together with excessive loading could cause a loss of structural integrity. Therefore a fast and reliable detection of such defects in an early stage is needed.
The following examples show results obtained with various thermography methods on stringer samples. First a CFRP panel with T-shaped stringers bonded on the rear surface is inspected with OLT ( figure 5 ). At the sides of the panel glass fiber reinforced polymer (GFRP) wedges are attached for torsion tests. Some stringers of the panel were disbonded from the skin due to these tests. OLT in reflection mode (from the front surface) shows the hidden thermal structure of the panel ( figure 5 , left) whereas ULT detects the local friction between disbonded stringer and skin. The areas with the GFRP reinforcement have a significantly different phase angle as compared to the 4 mm thick CFRP skin due to the local change in thermal properties. Bonded stringers are visible as straight lines where stringer disbonds appear as an interruption of those lines (indicated by arrow). Inspection time of the 120 * 80 cm 2 sized panel was about 4 minutes.
Another inspected stringer sample is a CFRP-panel after compression testing (courtesy of the Institute of Composite Structures and Adaptive Systems, DLR Braunschweig, Germany within the EU-project COCOMAT [15] [16] [17] ). The inspected sample has stringer disbonds in two areas due to an excessive compression load. It was inspected with conventional ultrasound and with ultrasound activated lockin-thermography (figure 6). The result of a classical ultrasound pulse-echo scan shows two areas of disbonds ( figure 6, left ). An advantage of this method is its high resolution. Unfortunately it has the disadvantage of a long inspection time due to the slow point by point scanning of the large surface (57 cm * 54 cm). The phase image of ULT at 0.1 Hz ( figure 6, right) shows selectively the defect areas (indicated by arrows) which correspond with the results of conventional ultrasound testing. The ULT inspection time was only about 60 seconds. Figure 6 . Results on CFRP-stringer sample after compression testing. Left: ultrasound echo-time scan [17] .
Right: Ultrasound Burst-Phase-Thermography phase image [18] .
Detection of loose rivets with ULT
Loose rivets, cracks, corrosion, and fatigue are critical defects in aerospace structures. For all these problems, ultrasound excited lockin thermography can be a solution. An example is shown in figure 7 where a panel made for demonstration purposes is imaged using lockin thermography with access only to the outer surface. With optical excitation the whole hidden structure is imaged regardless of the riveting quality. With ultrasound generation, however, loose rivets cause heating by friction, so they appear selectively as bright areas. 
Detection of surface cracks in aluminium
The detection of cracks in metals is the classical application of conventional eddy current testing. Eddy-current excited lockin-thermography can be used for such tasks to provide an image in a shorter time. The following example shows the result of single-ended inspection (important for real life testing) of an aluminum airplane part with fatigue cracks in a row of rivet holes (figure 8). 
Conclusions
Modern aerospace components consist of new materials which are a challenge for modern NDT. These requirements can be satisfied in many cases by lockin thermography methods. The excitation can be adapted to the specific application so that defects can be detected in a fast and reliable way. It should be emphasized that OLT, ULT, and ILT complement each other since they are based on different physical mechanisms. 
